The out-of-plane thermal conductivity of sputtered tungsten oxide thin films with thickness of 100 to 300 nm was measured by two omega method based on a new analytical model with consideration of the interfacial thermal resistance between the films and the substrate. The influence of the tungsten oxide structure on the thermal conductivity was studied. The result reveals that the tungsten oxide thin films made with 10% reactive gas of oxygen had a mixed phase of WO 2 and WO 3 , while those made with 100% oxygen were WO 3 only. The thermal conductivity of WO 3 thin films is 1.63 Wm À1 K À1 , and that of WO 2 /WO 3 films is 1.28 Wm À1 K À1 . The difference is explained by a higher thermal resistance at the interface of WO 2 and WO 3 crystals caused by the mismatch of phonon state.
Introduction
Tungsten oxide thin films have been extensively researched because of their important applications for electrochromic device, 1, 2) gas sensor of NO 2 , H 2 S and NH 3 , [3] [4] [5] and multi-layer optical disk 6) etc. Thermal properties should be considered in these applications where the heat flow exists. However, few studies have been done. Kang 7) has studied the thermal properties of the plasma-sprayed tungsten deposits. Tungsten powder was plasma-sprayed onto a graphite substrate in air, where argon gas was used as both the carrier and plasma gas. The tungsten was partially oxidized to tungsten oxide (WO 3 ) during the plasma spraying to form a W/WO 3 mixture. The thickness of the deposits was 0.8 mm. That paper reveals that the tungsten oxide and the lamellar structure with pores obviously reduce the thermal conductivity of the tungsten deposits.
The thermal conductivity of the nano thin films is different from that of the bulk materials, and has strong size dependence. A three omega method has been developed by Cahill et al. 8) to measure the thermal conductivity of the dielectric thin films. A stripe-shaped metal film is deposited on the dielectric thin film in order to serve simultaneously as a heater and as a thermometer. An ac electric current of angular frequency ! flows through the metal film and generates periodic Joule heating of frequency 2!, which induces a temperature fluctuation of the metal film surface, and accordingly an electrical resistance fluctuation of the metal film. This further leads to a voltage fluctuation of frequency 3! across the sample. Measuring the voltage fluctuation of frequency 3! can determine the thermal conductivity of the dielectric thin film. But this method has complex sample preparation that uses the lithography technique to deposit the metal film, because it is based on a two dimensional heat conduction model.
Kato et al. 9) have developed a two omega method to measure the thermal conductivity of the dielectric thin films. This method also deposits a stripe-shaped metal film on the dielectric thin film to serve as heater and thermometer, but uses thermoreflectance technique to measure the temperature fluctuation of the metal film surface, finally determines the thermal conductivity of the dielectric thin film. This method has simple sample preparation, because it is based on a one dimensional heat conduction model. But the analytical model used by Kato did not consider the thermal resistances at the interface between the metal film and the dielectric thin film, and that between the dielectric thin film and the substrate. In fact, they measured the effective thermal conductivity of the dielectric thin film and the interfaces, and then calculate the thermal conductivity of the film using a series model.
In this work, we modified the analytical model of 2! method by taking into account of the above thermal resistances in order to obtain more accurate measurement results of the thermal conductivity of the film. The out-ofplane thermal conductivity of the tungsten oxide thin films was measured by this model. And influence of the tungsten oxide structure on the thermal conductivity was researched. Figure 1 illustrates the heat conduction model of the 2! method. The top layer is a metal film, the second layer is a dielectric thin film which thermal conductivity to be measured, and at the bottom is a substrate. When a heat flow passes through the metal film, an ac temperature gradient along the thickness of the film happens. Supposed that the substrate has an infinite thickness, but both the metal film and the dielectric thin film have finite thicknesses. The one-dimensional thermal conduction equations can be written as 
Theoretical Model
Where, T is temperature, q heat per unit volume (Wm À3 ), C heat capacity per unit volume (Jm À3 K À1 ) and thermal conductivity (Wm À1 K À1 ), Subscripts m, f and s refer to the metal film, the dielectric thin film and the substrate, respectively.
With boundary conditions of
Where, d m and d f are the thicknesses (m) of the metal film and the dielectric thin film respectively, R mÀ f is the interfacial thermal resistance between the metal film and the dielectric thin film (m 2 KW À1 ) and R f Às that between the dielectric thin film and the substrate (m 2 KW À1 ). Solving above equations, we obtained. 
Where, TðmÞ is the temperature of the metal film surface (K), ! is the angular frequency (Hz) and k is the reciprocal of thermal diffusion length (m À1 ), which is equal to ffiffiffiffiffi ffi
In experiment TðmÞ and qd m are measured, and from eq. (10), we know that their ratio is proportional to ! À1=2 . If we plot TðmÞ=qd m versus ! À1=2 , the intercept In gives the sum of the last four terms of eq. (10), which is linearly relational to the thickness d f of the dielectric thin film. Then we conduct measurements for films with different thicknesses, and plot In versus d f , from the slope of the line, which is given as ð1 À
by eq. (10), and when the thermal conductivity s and heat capacity C s of the substrate, and the heat capacity C f of the dielectric thin film are known, the thermal conductivity of the dielectric thin film f can be obtained. Further more, the intercept of In at d f ¼ 0 gives the sum of the interfacial thermal resistances R mÀ f , R f Às and the
, when m , C s and d m are known, the total interfacial thermal resistance R mÀ f þ R f Às can be obtained.
Experimental
The tungsten oxide thin films were prepared by a magnetron sputtering coating method with a tungsten target of 50 mm' Â 5 mm, 99.99% purity. Glass (Corning 1737) 20 mm Â 10 mm Â 1 mm was used as substrate, maintaining at room temperature during the deposition. A distance between the substrate and the target is kept at 55 mm. Argon is used as carrier gas and oxygen as reactive gas. The impressed voltage is 100 W. Before the sputtering, the target was pre-sputtered for 15 min to clean the surface from any oxide layers. With different partial pressure ratios of reactive gas oxygen as 10 and 100%, two types of tungsten oxide thin films with the thicknesses of 100, 200 and 300 nm were deposited onto the glass substrates.
The crystal structures of the films were analyzed by X-ray diffraction. Transmission spectra were used to analyze optical properties. A stripe-shaped gold film with 12.5 mm in length, 1.7 mm in width and 80 nm in thickness was deposited on each of the tungsten oxide thin films by sputtering to serve as a heater in thermal conductivity measurement. The thermal conductivity was measured using a ULVAC-RIKO TCN-2!. The measurement was done at room temperature in a vacuum less than 2 Â 10 À2 Pa. An ac sinusoidal signal of 2.25 W power was applied across the gold film to supply heating. The ac frequency changed from 500 to 4000 Hz. The temperature at the surface of the gold film was measured by thermoreflactance method with a HeNe laser.
Results and Discussion
The images of tungsten oxide thin films were shown in Fig. 2 . The film of 10% oxygen shows dust color, and that of 100% oxygen shows transparent. As shown in Fig. 3 , the film of 10% oxygen has almost no transmittance, and that of 100% oxygen has high transmittance in the range of visible light. Figure 4 shows the X-ray diffraction pattern of tungsten oxide thin films of 10% oxygen and 100% oxygen. The film of 10% oxygen shows two peaks at 2 ¼ 23 and 53 respectively, while the film of 100% oxygen shows a single broad peak at 23
. The peak of 53 belongs to trigonal WO 2 (232), and the 23 peak probably belong to monoclinic WO 3 (020) or trigonal WO 2 (111). Considering that in 100% oxygen gas, the tungsten can be easily oxidized to a stable phase of tungsten oxide, and we thus think that the crystal structure of the film is monoclinic WO 3 ; while, with 10% oxygen gas, the oxidation reaction is incomplete, therefore the film has a mixture phase of WO 2 and WO 3 . Using the Scherrer equation, 10) from the width of the X-ray diffraction peaks the particle size of the film was estimated to be several nanometers. Figure 5 shows the plot of TðmÞ=qd m versus ! À1=2 for 100 nm tungsten oxide thin films of 10% oxygen. The values of the heat capacity and thermal conductivity used in calculation were listed in Table 1 . The plot shows good linear relation in the frequency range from 500 to 4000 Hz. The measurements on the other samples exhibited similar results, which are not shown here. The measurement repeatability is less than 2%.
The relation between In Ã which is defined as In À ð
and the thickness of the tungsten oxide thin films was shown in Fig. 6 with a linear fitting. The thermal conductivity of the tungsten oxide thin films was obtained from the slope of the lines. The parameters used to calculate the thermal conductivity were listed in Table 1 . The heat capacity of mixture phase of WO 2 and WO 3 was calculated from the heat capacities of WO 2 12) and WO 3 11) using the law of mixture and assuming the volume fraction of every phase was 50%. The obtained thermal conductivity of the tungsten oxide thin film of 10% oxygen is 1.28 Wm À1 K À1 , and that of 100% oxygen is 1.63 Wm À1 K À1 . The intercept of the lines gives the total interfacial thermal resistance of R mÀ f þ R f Às , which is nearly 31 m 2 KW À1 for both 10% and 100% oxygen films. The films of 10% oxygen have a lower thermal conductivity than those of 100% oxygen. It can be explained by the mismatch of phonon state between the WO 2 and WO 3 phases. When a phonon with vibration frequency ! 1 incidents at the crystal boundary, it may transmit into the other side only when the same phonon frequency exists in the other side, otherwise it will be reflected or scattered back. If the crystal structures of the two sides are same, i.e. the phonon states are same, all phonons have a possibility to transmit the boundary; however, if the crystal structures are different, phonons with some frequencies are not allowed to go to the other side because of the mismatch of the frequency, therefore causes a lower thermal conductance at the boundary.
Conclusions
A new analytical model of measuring thermal conductivity of thin film with 2! method has been built with consideration of the interfacial thermal resistances among the films and the substrate. The new model was used to measure the out-ofplane thermal conductivity of the tungsten oxide nanoscale thin films. The thin films show a lower thermal conductivity than the bulks, and the thermal conductivity of films with a mixture phase of WO 2 and WO 3 is even lower than that of WO 3 only.
